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PREFACE

Under the present ONR Contract, United Technologies Research Center is

conducting an analytical investigation of plasma processes in electrically excited

rare gas-halide lasers, with particular emphasis directed toward the KrF* system.

This work is being carried out in coordination with a Corporate sponsored experi-

mental program. Emphasis in this investigation is being placed on identification

of fundamental processes influencing electron energy transfer, charged particle

production and loss, metastable production and loss, and j;lasma stability. Both

electron-beam pumped and discharge pumped systems are being studied. This report

summarizes the results of the activity under the first year of the contract.
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I. INTRODUCTION

During the past year significant progress has been made in experimental

investigations of electrically excited rare gas-halide lasers.’ In particular,

electrical-optical conversion efficiencies in the 1-lC’~ range have been reported

for the KrF* and XeF* systems. Prior to the discovery of these lasers there

existed no experience with high pressure highly ionized/excited, volume dominated

glow discharges. Thus, although progress in this area has been surprisingly rapid ,

understanding of basic rrocesses in these discharges is in a relatively early stage

of development. Since rare gas-halide systems and similar candidates such a: the

mercury halides offer the potential of scalable, efficient short wavelength lasers ,

evolution of significantly improved understanding of basic processes in the plasma

medium is of considerable importance.

For these reasons , under the present ONR contract , ~Jnited Technologies Research

Center is conducting an analytical investigation of plasma processes in electrically

excited rare gas-halide lasers , with particular emphasis directed toward the KrF~

system. This work is being carried out in coordination with a Corporate-sponsored

experimental program. Emphasis in this investigation is being placed or identifi-

catior, of fundamental processes influencing electron energy transfer, charged

~artic1e production and loss, metastable production and loss, and plasma stability.

Loth electron-beam pumped and discharge pumped systems are being studied. This

re ort summarizes the results of the activity under the first year of the contract .

Presented in Sec . II is a general description of the plasma modeling

roced ires being utilized along with a discussion of numerical results obtained to
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date . In particular , it is shown that KrF* can be produced with a discharge

energy conversion efficiency on the order of 50%, and that the overall electrical-

to-optical conversion efficiency could reach levels in the 10 to 20% range for

both discharge pumped and e-beam pumped lasers . Value s of small signal gain in

the 0.5-1.5% cm~ - range are predicted for these conditions . The factors affecting

discharge instability are also treated in Sec. II. There it is shown that in

certain circumstances direct electron impact ionization of ground state atoms cars

have an important deleterious influence on plasma stability. Direct ionization

becomes competitive with metastable ionization at high values of fractional ioni-

zation for which the number density of electrons in the high energy region of the

electron distribution function is increased as a consequence of electron-electron

collisions .

The potential influence of electron collisions with the halogen bearing

molecule is treated in Sec . III. Therein is discussed the basis of an estimate

of c-F2 vibrational excitation cross-sections determined by fitting resonance

sca t~ e r i r ~g theory to available F2 dissociative attachment rate data. Estimates of

the cross-section for electron impact exc i ta t ion  of F 0 leading to direct dissocia-

tion are also discussed. Based on this analysis it is concluded that both vibra-

tional excitation and electronic excitation of the halogen containing molecule

are likely to be important for condition s typical of rare gas-halide laser plasmas.

The ~-ri nc 3; --al results discussed in Secs. II and III are summarized briefly in

Sec. IV along with those aspects of the research which are to receive primary

emphasis during the last half of this year.
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II. PLASMA KINETICS IN RARE GAS-HALIDE PLASMAS

A. Backpu’ound

Rare gas-halide lasers have been pumped successfully both by electron-

beams,
2’3 and by discharges; the latter externally sustained14 and self-sustained.5

However, the excimer production process is substantially different for these two

pumping schemes. In order to qualitatively illustrate the more important features

of excuser formation in high pressure rare gas halide lasers, Figs. 1 and 2 present

illustrations of the general features of the primary reaction chains leading to

KrF* production in c-beam and discharge pumped mixture of Ar , Kr and F2.

Figures 1 and 2 indicate that , unlike ir molecular lasers such as CO2 and/or

CO for example, KrF* (or XeF~) is produced by reactions proceeding along several

parallel collision channels in both c-bean and discharge pumped systems. Exami-

nation of Fig. 1 shows that KrF* production in e-beam pumped systems is dominated

by three-bod~j neutral stabilized recombination of positive and negative ions which

are produced initially by high energy primary and secondary electrons . In contrast,

in a controlled , externally sustained discharge,bin; ‘y excited state reactions

dominate KrF* production . It should be pointed out, however, that under certain

conditions , particularly those typical of high current density, self-sustained

discharoes ,
5 KrF* excimer production is likely to involve a complex combination of

the reactions illustrated in both Figs. 1 and 2. In any case, KrF* is ultimately

lost by radiative decay and by two and three body collisional quenching .
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ELECTRON BEAM PUMPING

+ + +Ar 2 -~~Kr

e F - 
A rF 4 K rF *

Ar *
____ A rF

t

• e + Ar ~~~Ar + +2e ; e + Ar ~i~~Ar *+e

e + F2~~ F + F

• Ar + + F +  M ~‘~ ArF*+ M ; ArF~+ Kr_ .~KrF*+ Ar

Ar ++ Ar + M - -Ar ~~ + M ; Arj ~+ Kr~~ .Kr ++ 2Ar

Kr ++ F + M~~ KrF*+ M

• A r *+F 2 ,~1~ ArF*+F ; ArF *+K r ~~~ KrF*+A r

F ig u r e  i. I l lus t ra t ion  of the primary reaction processes leading to

KrF* production ir. an electron-beam pumped laser.
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DISCHARGE DUMPING

e

• e + A r
_
~1.~Ar *+e ; A r*+F 2~~..,ArF

*+F

ArF *+ Kr -~-KrF~ + Ar

e + Kr~_~Kr *+ e ; Kr 4+ F2~ .~KrF *+ F

Figure 2. Illustration ~f the primary reaction 
p rocesses leading to

KrF* production in a discharge pumped laser.
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B. :~h~:e~ ic Mu-i e~ ~~~

In - rd er  to lent.: ~~~, o r i  ~nIerstand the ; rj mary  collisional react ions occ-~~r i  r~o

it: the hiob ressui’e (? 1 a t m) ,  hi ohl~ ion ze(I (t e/n 
0_l0 5), and h: chiy

excited (n~ /n lO~~— t:~~~~~~~ ) lasmo s of in te res t , hLWIC t : cal models f t he terro:oral

e v o lu t i o n  of the conce : t ra t ions -
~~~ icr, s : - e c -  Le s ao l  exci~ ed saec ’~ es have been

develo: el  under the resent cont rac t .  In th is  w o k , efforts have been -i~ r ecte -~

t oward generat ion of ins ight  rather  than on develormerit of a totally comprehensive

descri  at ion  of nlasma b e h o v i  c t .  1-in : ~Oi5~ s in the studies car r ied  cot to late has

beer. : laced on e l e c t r i ca Ll y  exc i c-i m i x t ur e s  of f ir , Kr and F2 . The m a th em at i c a l

f e a tu r e s  cf the model are ent i r e ly  straicbtfcrward and will not be elaborated c~ on.

E t h e r , c on s i d e r a t i o n  of the !‘eac~ ion rucesse s  included permits a be t t e r  a ; re —

c i a tio n  of the  iml ort art as~ cots f he analysis. Ihe f liow i qz table s tmr:arizes

th e  i r i m ar y  t ime  d e r en l e : . t  t e a r 4 u:s c- crc lore in  ~h - i  s analys is , ty T ic n~ values

f rate  c o e f f i c i e n t s , an.i iota sources oa her  Pan : rc :er : a work ~il-~) .

Table of i - e a c t ± o : s and Rate ae f f ic i en t s

E~eactior ‘ - e  Coet ’r i c ’ie n t  Reference

r i eC ~ 1’Ofls

( 1) e. + Ar -9 Ar~ 
-
~ 2e ext . ~rce , ve .iircble -—

(2)  e Ar~ Ar ’ + 2e 2 x lb j i~~, 9

e F f ( E / n ) ,  lO~~ ~i, 6

te coe f f i c i en t s  for  twu-b o~y c cc sses  are ox :r c - s se i  in sec~~ cm
3 and for three-

hod” rocesses in units of sec - cnr . ictd~ a t L v e  decay rates are expressed as sec~~ .

- ..i 
~~~~~~~~~~~~~~~ : 
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Reaction Rate iuefficient~ Reference

Electrons

( 14) e + Ar -~ 2Ar f (E/n) ,  -, 3 x 10 ’ 7

(5) e + Kr 2Kr ‘ ( i - / t i ) ,  .—. 5 x 1O 7

(6) e~ Ar -+ Ar ’ + e ext . source , ‘jar’iaW j~ -

(7) e A r Ar~
’ + e f ( E / r ) iv. , 8

(i~~ ) e + Kr -, Kr~ - e f (E/n )

(9) e * Ar* -, Ar + e . . x j i ~~~~~

(10) e + Kr * e 3.’ x 10 ’

*
(11) e Ar — ‘A r - e 2 x l~ id , 9

4 ~~-4 — 7(12) e -
~ Kr air .- e 2 x 1:)

(13) e + F2 -
~ 

F 2 (v) e f(F/r), 2.5 x lu

(i14) e F2 -. F + F e f ( E/ n ) ,  iO~~ ~~~~~ 10

k

(15) F + Ar
4 

M -
~ Ar i~ N 1 x l;~~~~ 7, 1

(16) i’ + air M —* r~r 1- N 1 x 10 7, 1

(17) F Ar2 -9A ri- A r 1 x 10 7, 1

(18) F + air~ -~~ Ni-F’ Kr 1 x II 7, 1

(19) Ar Ar N ‘9A r
2 

+ tI 2.3 x 10 31 11

(20) Kr
4’ 

+ Kr N -‘ Kr~) M 6 x 10 32 12

(21) Ar Kr air ’ 
+ 2Ar 3 x 10 10 13

7
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Reac tion Rate Coefficient * Reference

Rare Gas Metas tables and Excited Dimers

(22 ) Ar~ + Ar M Ar~ + M 1 x i0
32

(23) Kr
4 

+ Kr + N -4 Kr’~. + It  5 x lO~~~ 114

( 2 14) Ar~ + 
~
“2 A rI’~ + i’ 7.5 x 10

_j o  
15

(25) Kr4 
+ F’

~~ 
-. KrF” + F 7.2 X 10

10 
15

(26) Ar
4 

-
~ Kr Kr ** Ar 6 x 10 12 i6

(27) Ar~ + Kr Kr 4 
~~r x io~~

1

(2i ) Kr
4 

+ Ar + NI -. ArKr 4 
+ N l x  io

_32 
114

* -10
(29) Ar2 + F2 -‘A r,-, r + F 2.5 x 10 114

(30) Kr~ + F2 
-9 Kr8 i 3 x 10

1 - 

114

(31) Are) -4 2Ar by 3.8 x lot 114

(32) Kr -, 2Kr + h~ 3.3 x lO~ 114

Rare Gas-Halide Eixo i mers

(33) Ar1 -’~ + Ar + N Ar 2 i- ’ 
* N 2 x 10 114

4 . -31(314) Kr 1” + Ni- + N -. Kim. 1’ , 6.5 x 10 17, 1

(35) ArF~ + Kr Kr i’ Ar 3 x 10 10 1, 114

(
~ — ) ArF’ F2 ~~oducts 1 x 10~~ 1, 114, 15

(
~ ‘~) KrF ’~ * 1 2 ‘9 Products 1 x it 9 1, 114 , 15

(3’ ) A r F 4 Ar F + by 3 .3  x 10~ 114

(39) Kr - F’ ~ Kr 1 + hv 1.5 x 10
8

(140) Ar 2 F~ ~
‘ 2 ‘9 ~~oducts 1 x 1O~~ 1, 114, 15 

- .- ~~~~~- -~~~~~~~~~~~ ~i: _ _ _ _
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Reaction Rate Coefficient4 Reference

i-hire Gas— fin ii Ic i-ixc m et’s

(h l ~ Kr 2 i”
4 

+ F2 :‘n O~l t C  s 1 x lO~~ 1, 114 , 15

(~.2) d t ’ ~~i’ ,~A y ’  1- hv 5 x l0~ 114

(~ 3~ Pr~ i- ’ 2Kr F ~- .7 X lO~

Fluorine

- -31 -

~
- . - -

~ ) r + ~
‘ . I-~ ~‘ L’~~ r,: x lb

It’, his ‘ i t - I C  eXc el atoms ie: ot e 1 vi 1: a si ac ie  asterisk renresent the Ar

and air metasta l-le  s tates ( s  s t a t e s ) ,  while ~he double ast erisk refers to Ar arid Kr

p s ta t e s .  Elec t ron  t o f  e c o e f fic  I eats  were de te rmined  by nvera:’in,- kno~~ (or

es~~i n a t e l )  c r L - s s_ s er t ot , s over electron en er i ’p d i s t r i b u t i o n s  which were calculated

as a f - u , c t i o t t  of h as  : : ix t  are , E/r , metastable ft -n o t i on a l  concentration, and fractional

i o n i z a t i o n . i cr  t h o s e  r’ ocesses for which  the electron rate coefficient  is au

exceptionally s trong func t ion  of E/n no value is giver.

in many j r : s t n r c es  “bes t  es t imates ” fu r  rate cu tit j c~ ents for ion and excited

s4 at e  rocesses have evolved over i.e as t  yea r hu t  at this date remain un published;

while in other cases the same rate coefficient has been used for analogous processes

i n which a measured rate coefficient is available. In such situations the most

a: rol n a te reference is -i-jet . Because of such uncertainties in the values of

certain r-a 4 e coefficients , numerical experimentation was carried out by varying

specific rate coefficients over rather wide ra:c ’es. Fortunately , KrF* densities

and production efficiencies were found to be relatively inser1sitive to reasonable

9
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variations in rate data, reflecting the fact that the rare gas-halide excimer states

are produced and destroyed by multiple collision processes with no single process

dominatin~ (Figs. 1 and 2).

Although there are uncertainties in the rate coefficients presented above, it

is likely that the greatest jeopardy to quantitative analysis is due to the omission

of lmyoi-tant collisional reactions which have yet to be identified , such as electron

collisions with the halogen—bearing molecule, for exam;le (Sec. iii). In addition ,

little is known about the  absorption characteristics of various excited state and

ion ic  species , althoug h photodissociat ior  of the rare gas dime r ions Ar 2~~, rj
2 . . . .

is present ly  thought  to be a very important absorption process for the u’i laser

radia t ion .

2. Chn t-t-ed Particle and Excited State Densities

As a consequence of the relatively h i c h  rressures  (—— 1 atm ) and hich charged

rarticle densities (
~~~ 

1n~~ cm
3) required to ~roJuce g a i n  in  rare gas-halide laser

syst ems . the time to achi eve essentially steady st a t  e ~ ‘ - - n - l it Ions with constant

E - : U f l I i :c is foun d to he ty~ ically on 4he order nt’ 10-30 nsec . Therefore , it is most

informative to analyze plasma conditions nla er a quasi-stead~’ state has been

achieved,  i-or t h i s  reason , the  data to be discussed in t h i s  and subsequent sections

refer  t o  plasma E r o l -e rt i e s  in the quasi-steady regime .

Char ~ el i’ar t i  d c  h on c en t r at i on s

E ’ i ’ eset i t e i  in F i g .  3 are computed electron , negative ion and positive ion

lensities for condition s representative of an electron-beam pumped Kr? laser mixture

10
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Figu.re 3. Computed quasi-steady charged particle densities in an
electron beam pumped Ar-Kr-F2 (0.95-0.05-0.002) mixture at atmospheric
pressure.
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at atmospheric pressure . The densities of Ar metastables and Kr? are also shown

for purposes of comparison. These data show that for typical conditions the densi-

ties of excited states and charged particles are comparable in magnitude . Similar

calculations for a range of circumstances indicate that the fractional ionization

and fractional excitation densities are both typically in the range

These levels of fractional ionization and excitation are relatively high , with the

result that collisions between charged particles and between charged particles and

excited states are very important . Thus , these processes have been included through-

out this  analysis.

For the conditions of Fig. 3 the total e-beam power density deposited in gas

was about 72 kWcm 3 and the small signal gain was found to be approximately

1~( cm 1. In addition , it is particularly useful to determine the fractional power

which is potentially available for conversion to optical power. Herein, this measure

c-f maximum at tainable efficiency will be defined in the following manner:

— 
(Kr? pun~,ping rate) by (1)

‘ p — [Ar]S Eu~ 
+ JE

where all the processes contributing to the volumetric rate of KrF* formation are

irciuded in the numerator. Also , SE is the rate of electron-ion pair production , 
ud

is the energy required to produce an electron-ion pair , JE is the discharge power

i~-rusity (zero for the conditions of Fig. 3), and 1w is the photon ener~~’ of the KrF
*

laser transition . Thus, on this basis the quantum efficiency is included in the

definition of 
~~~~~

, which in effect, represents the fraction of the total power

:4 cantially recoverable from the reaction Kr?
4 + hy -4 Kr + F + 2 by. For the

12
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conditions of Fig. 3, was found to be 0.26, implying that the multiple ener~~

transfer pathways in e-beam pumped systems as illustrated in Fig. 1 result in very

efficient production of KrF4. This result is in good agreement with experimental

observations .

The dimer ion concentrations Ar~ and Kr~ are likely to be of considerable

importance because photodissociation of these species may be the dominant absorption

of rare gas-halide laser radiation.
1 

However , accurate computation of dimer ion

density is very difficult at the present time . For the high pressure-low translational

temperature conditions of interest, a fraction of the rare gas dimer ions are likely

to be converted to trimers by way of three body reactions.~~ ’
19 

However, with the

exception of the Xe~ sequence
19 

the relative equilibrium between dimers and trimers

is unknown for the heavy rare gases. In the case of Xe~ , for example, the ratio

Xe~/Xe~ is expected to be of order 10 at ambient temperature and pressure and is

exceptionally sensitive to temperature.~
’9 Therefore, with the rare gas dimers as

rincipal absorbers of laser radiation , the relative dimer-trimer fraction could

be very important . Unfortunately , the equilibrium constant for this reaction is

known reliably for Xe alone.19 For this reason the influence of trimer ion formation

has not yet been considered .

Excited State Concentrations

Shown in Fig. 14 are computed excited state densities in an externally sustained

discharge for conditions otherwise similar to those of F’ic. 1. For these conditions

the total power density was also in the 70 to 75 kWcm 3 range , 2/3 of which was

providc rl by the discharge field and 1/3 by the external source of ionization , i.e.,

13
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the discharge power enhancement factor
2
~ JE([A rjSEu~

)
~~ 

was 2. Under these cir-

cumstances the potential conversion efficiency as defined by Eq. (1) was found to

be 0.l~ , while the small signal gain was approximately 0.65% cm~~. It is interesting

to note that although the total power density , efficiency and gain are nearly the

same as in  the case of pure c-beam f - a im f i no (Fig. 3), the total charged particle

dens i ty  (and presumably , therefore , the  rare gas dimer ion density) is substantially

lower wi th  discharge h umping . ~bis reflects a rather fundamental difference between

c-beam ;-rua ~ ing  in which  KrF~ is rodoced by way of ion recombination channels

(Fig. 1), and discharge a umpi t ~ ’ in which Kri-
4 

is roduced by way of excited state

reactions (Fig. 2). i-or this reason it a: pears that the density of dime r ion

absorbers will be less in  externally susta~~red discharges than in their electron—

ue nm L ump ed counterparts under otherwise similar c onditions ,

D. i-in ”
4 Production Eff ic iency-Discharge  Paua~-ing

Examination of the tabular list of i-enctions discussed above suggests that

there are n umerous pa ras i t i c  energy loss channels in rare cas-halide discharges.

let calculat i ons of discba n - c  f r a c t i o n a l ,  power t r ans fe r  show a surpr ising selec-

t iv i ty  for the p roduc t ion  of the Kr I ’~ excimer.  In fact , the  energy eff ic iency of

K rI-~ -reduc t ion app eni’ s  to be compa rable to that of CO2 and/or CO vibrational

ex c i 4 a t io n in ir molecular laser  discharges.  Shown in Fig. 5 are -the various

f rac t ional  c o n t r i i - : tions to  d i scbnrc e  f ra c t i on a l  r ower t r a ns f e r  as a fauc t i on  of

E/r in an ex t e rn a l l y  s 4s ta  i r e l  PrI ’ laser disch ar -c e  a f te r  quasi—stea dy conditions

have b ee n ‘ u h i e ’ e d . ‘ he en ergy r’ at , s t’ er associated with all rocesses ultimately

result - i a ” E r  tOr e formation of bni’~ molecules i -as been included in the fraction

15
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at t r ibu ted  to KrF~ : roduction , about half of which is potentially available for

con’,’ersion to ortic al power . Tir e following features of Fig. 5 are of particular

j n p : - o i - t a p , c e ;  (1) the fracti onal power loss due to elect-ron elastic collisions with

ions rind neut ra l s  is always s icu i f i can t , i . e.,~~~lCt~ ; (2)  the fractional power

consumed by ionization of metastables and by cui a-cot iorizritior i is also significant

and increases with i-/n , ultimately havin - a significant effect as plasma stability

as will be discussed in, subsequent sections ; a nd, (3) the overall efficiency with

which  discharge power is uti lized in. the rodu ct ion of KrF4 is very high and is

relatively insensi t ive to E/n , a somewhat s ’ u rr -n t s i n g  result . It should be pointed

out that the contribut ion of the -Jischa rue sustaining c—beam ham s not been included.

in t ire presentat ion of i-i . 5.

- T a m ,  and i o tent ial  E a s e r  E f f i c i e r c r - E / r .  a r E  n t l o i

‘resented ira F ig .  6 are the smalJ si:~ral gain and the overall -otential

electrical-or’tical conversion efficiency (~~~~. 1) for the conditions of Fig. 5. ihe

l ower density scale shown in this f igu re  iacJ , udes both the discharge power and the

c—beam iuniza t on r ower. C~ eur iy , inc reases in i-i/n , a p i  therefo re , in discharge

enhancement , result in i- ’cre’ s i r u r  values ot’ and g0 , r-ii t ia the g a i n  being a

lar ticu~1arly sensitive function of E/n . This reflects t i-re very strong dependen ce

of Fir and Ar metastable production rate coefficients on E/n . It is important to

no te that the en t i r e  E/n i-arm , -e covered in Fig .  6 is not l i k e l y  to be accessible due

to the ci sc ’ cf plasma instability . i - r n  exam : le , as E/n increases the contributions

to electron :rodcrc t,iorm from direct ioniz’~~ioi rmnd ioniza tO ori of met- ristable s become

increasin-tv m m ;  o r - t a r p 1 , circ mr n s t n r c e s  which  will be shown t~~~ c o n t rib u t e  t o  ins tabi l i ty

17
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for E/n values in l.~ to i.e x 10 10 
Vcm

2 
r ’aI ’e for the conditions of the figure .

llr t h e  lower values of E/n the potential  eff ic iency remains relatively high but

The gain falls ra~ idJ,y due to the sh~ti ’;-ly reduced Ar and Kr excitation rates.

l~r cms , there exists a ra ther  nax-m’ow Em window wi th in  which an efficient , stable

dischar - -e having adequate  gain become s possible .

Excited mitate l oss i ’rocesses

The oro d’uctj on  of excited states in rare cams-hal ide  discharges is highly

sen s i t ive  to k/n v a r i a t i on s  b- rt is nut ;-aa-t i cul ar ly  sen sit ive to variations in total

Pressure . However , excited state loss processes are hiobly pressure sensitive and.

are rela tively unaffected by E/n changes. In f-act , rare gas-halide lasers have been

cm c r a t ed  successfall\r only wi thin tl’.e ajr roxinmate range 0. 3— 3 .0 atm. The reasons

for this become ap : - ar e n t  an on examination of t ire ; ressure dependence of the various

cont r ibu t ion s to  excited state loss recesses.  ‘resented in Figs. 7 and 8 are the

fractional contribut ions to the loss of Ar metastables and FirF*, respectively, for

externally sustained discha r -e condit ions. In these calculations the external

ionization source was fixed with the result that the electron density is sensibly

constant at a value of approximately 10
1 

cm 3 since bot h electron product ion and

loss are proportional to p ressure. ii wever , this implies a fractional ionization

charm ’,ce of over an order-of-magnitude over the pressure canoe shown in Figs. 7 and. 5,

electron collisions being relatively more im ;-or -Lan t than neutral collisions at low

ressarres and the reverse at him~h ; r-ess ares.

lir e dam ta~ in F i .  7 show that as the ress o’e is reduced below 1 atm the loss

- f  Ar metastables (the ; - nimrir-v ‘rec irsimn cxc lt ed state ) due to el ectron excitation
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to the Ar p states becomes very hn~ ur t-air t .
~~~ Al’ hough the Ax ’ n st,z te: are oi tica ’iiy

connected to the s st-ate met,m stmPte levels , at 1he ressures of ir~ crest here and

with 1-2 r-ese :rt in the mixture , the Ar a St atec e rum - ably q me:c’Le’J hy collisions.

Such wars assumed to be the case in the resent ana lysis. dn this basis it is found

that although the powe r loss -I me t - :re m c ’ ‘ Pie excit ati or , may be reimrt ocly small

in some circumstances ~e.g. 1-1g . a ) ,  tOtj - -sc of metastable atoms due to olectru:,

excitation to hicher levels can be very In. ,r’ n 4 . in contrast , electron super-

elastic collisions were forrm.d ~~~
- be ~,c, t ’: r e l y  i asirnificrant corn ; arred to metastable

excitation to higher levels :‘mr ~-l ioni:atirn ci’ rnetastables. As the ressure is

increased the loss ot’ Ar ’ by way of the Ar ;’’ channel becomes domi nant. Eiir .oe Ar i-’~

is also an important ;-recui’sor c i ’ KrF’8 (i- jr. 2), a high conversion rate ,mi ’ Ar~ to

Ar-i- ~ is desirable . it’ t i-re -cc ; ort ion of r 2 Er . ‘he mlxt ur’e is reduced , the irapur-

ance of Ar metastable loss i -m e ~o el ec ’ r n  co l l isions increases s ign i f ican t ly

relative to Ar conversion, t o An ” . 1-or exana; Ic , for - F2 fractions on the order of

.dOl or less , elect ror , -Ar  col l i s ions  d :rrrin-Y e Ar* loss for the conditions of Fig. 7,

ress ares nb -- r b - m t  2 a ’ ;: , t h e  co : v er s l l n  - f  Ar to Ar 2
’ becomes increasingly

im ror ta r,t . Ii a l I l t  - 
- 

,
‘ Ler’~ n i-c - lmos 1 o e r t - nm n iy ~t her three—body quenching

~rocesses w h i c h  c one , o  ; iay at the 10 atm level . In any case the com m uted maxi-

mum in il-re oon- ;ers~~ori of ;,x , V to ArF~ at about 1 to 3 atm is in accord with experi-

me:,t-atl determir,a I ‘ f  cm t i rnum : ressures and r e s en t  understanding of KrF ; roduci-~ cur

mechani sms (Fig. 2).

The ress ore -ie~- en--1ence of KTF~ loss processes (l”ig. 8) is even more striking ,

reflectmno a t ran sit jurm from radiation dominat ion at pressures of a few hundred

21
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Torr to collision domination at a few atmospheres. At pressures of one atmosphere

and below , loss of KrF~ is dominated by radiation , while three body conversion of

Kr1-~ to dominates at pressures on the order of 10 atm, a result in good

agreement with experimental observations .

dam and Potential Laser Efficiency-Pressure Variation

The trends exhibited by the data presented in Figs. 7 and 8 serve to explain

the ; ress:ire dependence of the total potential eI’ficie;,r- y aro l gain at constant

E/n as shown in Fir . -). While “
, is relat ively high over ale entire ressure range ,

gain is very sensitive to pressure variation . The variation ira gn~ n shown in this

t’irur e reflects the transition from a radiation domirate l 1-la snom in ‘~h ccim KrF’
~ is

quickly lost by way of spontaneous emission , to a plasma dominate-I by three-body

collisio;,s i:. which KrF~* is rapidly quenched.

E. Discharge Stability

To date most of the experimental results reported
1 
have been obtained using

electron-beam r imm ed rare gas-halide systems. However , there are numerous practical

reasons why externally sustained discha rge pumped systems having large ener~~r

enhancement2° ratios (~~io) woul d be desirable . Use of such a system shoul d provide

an element -of control and substantially enhanced stability compared to a purely

self-sustained discharge , while at the same time significantly reducing the con-

siderable burdens associated with e-beam technology. For these reasons pr ima ry

emphasis in the 1-resent study has been directed toward analysis of externally

sustained rare m s-halide lasers. However, the experience obtained to date with such

23
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systems~ has been somewhat disappointing , the PrinciPal problem being the seemingly

r -emature  onset ot ’ i n s t a b il i t y  which has l imited stable discharge or - e r a t i o n  to times

less than 100 nsec . ihis is in sharp contrast to the ~sec duration electron—beam

1’ -am l ed rare-cam s halide lasers rem urted recently .
21 

Daugherty et a12° have analyzed

the stability of extern: l l :_ s r sk’ ui ned , attachment controlled dIscharges a s s a i m in c

that el~ctroros a m - c I rod,mcel only by the external source and by ionization of macta-

s tab l e  a toms . :h’wever , in .  th e  d i s cu s s i o n  to follow it will be shown that direct

elect  r - -om ; i o r r i z a tj o :  of m r ’ . mad state at urns c- n al s o  have  a very important e f fec t  on

st ah l lily a-,,’ red c a ’ ‘ ire maxim a-:, I-i/n ‘-al ~e ‘g w h a c h  stable discharges can be

I - oem ’ r-o :.— ° l e a ’ ;‘ a ~‘ o l l is  , ,r .s

he ‘i l k a l i —  I~~e -‘~ ect r nrc s~ ru: ’ - m’ ~ t ,, ;ic ’a l - f  a-ar-c m ’as me tam s~ able  atoms an d

lad r low icr. is’- ’ I or, f ’ , er’mv c onoh ir , e  ‘ n-ic ] l ‘ er-v ian -c i o n i z a t i o n  c a n e  c o ef f i c i en t s

~~ iLl cc:  - cm ) .  ~l e se  -“ I  m es a r e  t ’ ,’: a onily five orders of magrri t :il ~~ or :‘aul’e

l ance r  t i n t : ,  t ho se  c h a r a c t e r i s t i c  of r i irec t  i on iza t ion  of groun d state atoms in a

w e a k l y  loc h xc I - s c h a r ’m e  - ihnce ], c- fract l oan 1 concer ,t  rat ion of mne ta s ’able atoms

is ~y; :caiiy ‘renter h-a rm 10 ~~~
, t is ;sually coi ,c,I mdcl  that direct ionizati cm, of

a toms  is e : rt i r ’e i ’ ,- I r a s i m n i f i c a r i t  corn ; a re l t o  are ’ ; s t a a : l e  i ‘rr ”tz”r ’ ion . Powe r ma c , t i,e

iasnma of a rare ras—hali de laser dischar’ -e cannot he cha r-act cr 1 Sm’ I - s  weakly

ioni zed. Rather , for va lues of f r a c t i o n a l  ion i z a t i o n  ‘ r ’~” : t e r t l a ’  “ a - m t Im)

electron-electron collisions begin to exert a s i m r i t ~’ o’:, ’ I’ ~‘l - ‘ 
- - - or: .‘;‘,uu:-l cta ’c

i o n iza t i o n  rates (and metastable ; x ’oduc t , ion  rn tm es as W a ]  I ) h v ’ ~’,; i’ t L e~~r ef t ’ec ’

on the hj,’l, energy portion of the electron ener~~r dis t r ib  m t ,I c:r ~
‘ u,c ’ I ;, . For this

25
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atoms as a function of total excited state density and fractional ioni-
zation . These data are obtained for an Em value of 1.0 x b -i6 Vcm2
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reason the dependence on fractional ionization of the electron distribution function

and all relevant rate coefficients has been taken into account in the present

analysis.

As an illustration of the effect of e-e collisions , Fig . 10 resents the

computed ionization rate of Ar atoms in a KrF* laser mixture as a function of

fractional ionization for two val iae i~ of fractional metastable concentration at a

fixed value of E/n. These data show that as the fractional ionization increases

from below 10 
0 

to above 10 there results about a two order of magnitude increase

in the ionizatIon rate. Since metastable concentration and electron density tend

to increase t ogether , the effect ot’ r i s i ng  fractional ionization tends to offset

the tendency of the i o n i z a t i on  (a r a d  excitation ) rate to decrease as the metastable

fraction. increases, lIne Irimat rl,’ I oi r a ~~, !owe-:er , is that direct ionization rates

for ground state atoms can be orders -ut ’ magr a i t  m-d e larger than is predicted it’ c-c

collisions are neglected.

Charged Particle h-oduction

Figure 11 shows the temporal evolution of the various t’ractional contributions

to electron-ion m air production for a relatively high value of E/n (Figs. 5 and 6) .

As a consequence of the inc reased direct ionization rate caused by electron-electron

collisions , the contribution of direct ionization is almost 25”4 initially. Thus,

for these conditions the plasma is not sustained solely by the external source even

when the metastable concentration is very low. As the metastable concentration

crows , so does the fractional contribution of metastable ionization . However, for
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the ccnditions of this example the direct and metastable contributions to the

ion iza t ion  process are always comparable .

in s tabi l i ty  Growth Rate

Presented in Fig. 12 is the ionization instability growth (damping ) rate

computed for the conditions of Fig. 11 using procedures generally similar to those

described elsewhere.
22 

These results show that for this example the plasma becomes

unstable (electron density disturbances are amplified) after a discharge duration

of arprox imately 60 nsec , at which point the fractional contribution of metastable

ion iza t ion  ( Fig .  11) is well below the 0.50 value originally suggested
20 

as defining

the s t ab i l i ty boundary . Further , by the 100 nsec point the instability growth time

(‘~
“
~“) is only l0~~ sec and is decreasing rapidly . Thus , for these conditions a

stable (i.e., diffuse) discharge could not be maintained for a time longer than

about 100 nsec even in a perfectly uniform plasma. Although there remains much to

be learned regarding the causes of instability in rare gas-halide discharges , these

findings show that extraordinary care must be exercised in establishing operating

parameters in order to achieve stable , externally sustained , rare gas—halide

d i scha rm es .
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III. ELECTRON-MOLECULE COLLISIONS

lit is well known that as little as 1% of an atmospheric molecular species

such as P9 or CO2 in a rare gas mixture can completely dominate electron enel’~~’

transfer processes. Thus , although there exists almost no electron scatterIng dat a

for halogen bearing molecules of the type used in rare gas-halide lasers, there is

every reason to suppose that the presence of between 0.1 and 1% F2 (or NF3
) will

have some effect on electron kinetics other than by way of the well known disso-

ciative attachment Process. ’ In fact , variation of the F2 fractional concen-

tration in the calculations described in the previous section , in which edectron

energy loss due to collisions with F2 was not included , has shown that both gain

and KrF ’
~ production efficiency should continue to increase with F2 fraction in

the 0.1 to i.ct7~ range , even though F2 is assumed to quench all excited states with

a rate coefficient of iO~~ sec~~’cm
3. However , this trend does not agree with expei-i-

ments which show that for F2 fractions above approximately 0.5%, laser performance

is reduced. It is generally assumed that the reduction in laser output as the F2

fraction approaches 1.EY~?b is caused by a’2 excited state quenching processes. However,

such behavior is also consistent with the onset of deleterious effects of e-F2

collisions such as vibrational excitation , direct dissociation , and electronic

excitation . Because of the potential importance of such processes to both the

quasi-stea ly and stability characteristics of rare gas halide lasers , as part of

this investi ’ation considerable effort  has been devoted to estimating the magnitude

of c-F 9 cross-sections for vibrational and electronic excitation .
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A . Vibra t iona l  Exci ta t ion—Dissocia t ive  A h t a ch m e r a t

Ie ui-y

Electron-F 9 vibrational excitation cross—sections have been estimated by

:‘it t Ira resonance scattering theory231
2
~ to known dissociative attachment rate

cat a. It’ the otential energy curve for the state crosses the F2 ground

state near the equilibrium internuclear separati on of tine - latter
2
~ there exists

t ’t~e cossi’bility of a low energy shape resonance c i - c i r mg  r i s e  ~u il s soc ia t ive  attach-

::,e:,t and vibrational excitation . In the resonance scott€ ’l’i:,’ a-de l ., t h e  bombarding

eLect con is temporarily trapped behind a potential barrier cl,me ma i nly to the

o l e c t - r o r r ’ s orbital angular momentum , leading to a c ompound state or temporary nega’-

ir e  ion . The electron can t h e r m  tunnel oct thr’oa,-~h the centi -i fa3aJ. hairier ,

Ie ’ -aIirm ~ to  ela stic or inelast ic excitat ion of tire ta rget  F2 ,  or it can be errant -

a , t m : t lv tr am : : ed if the nuc lei separath to the stabilization d ist an ce  3~ (Fig. 13)

where re-emission is energetically impossible . The latter sit-cation corresponds

to disscciative nt tom ci-dnent. By using the coral c ar d state theory , the cross—sections

f u r  v a m ) r ’ a t i o n r a m l  exc i tat ion  r oa d di ssocia t ive  at tn  ‘~arnL:.t coo , be calculated simul—

t oraeousl’i. In 
~2 

the lowest unfilled orbital is 
~~~D2 win I cin su4o’Emsts a a -wave

centr i fugal  b ar r i e r  and a non-degenerate com ;-ou n - l  s~ a~ e in m-nhioio the extra  electron

t’s zero comp-cre::t of angular momentum about the Internuclear axis.

The details of the method ai.-p lied in th is  analysis  are presented elsewhere ,23”

w i t h  emphasis directed t oward N2 and N2~~. Thus , only the h ig lml ig l ’ t s  01’ the t)ae —: m

I those as :eo±.s relevant + 0 F2 are discussed lace.
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Figure 13. Schematic representat ion of dissociative attachment process.
Wave function of negative ion , ~~, decays due to autoionization in region
R < 

~~~~~ 
For R � R 5, negative ion is stabilized against electron emission ,

and ~ oscillates with constant amplitude .
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Formally, a nuclear wave equation is solved in terms of a complex local

potential for the c ompound state , F2 (2z”). Because little is known about the

real and imaginary parts of the compound state potential, these are treated as

parameters . Adjustments  are made to the potential parameters in a trial-and-error

fashion until the predicted attachment cross-sections reproduce experimental rate

constants for this process. Vibrational excitation cross-sections are then cal-

culated from an overlap integral involving the compound state nuclear wave function

and tine target excited state vibrational wave function (v � 1). This process will

give credible results only if the “best fit ” potential parameters are physically

realistic.

Calc clatiorVs for F~ differ from those reported
23 

for in several relatively

aair.o r respects. Because the assumed F,, resonance is ~~ the barrier penetration

factor required for the calculation of the resonance width must be the expression

app-ro~riate to a p-wave, and the vibrational excitation cross-section is divided

by a factor of two because the compound state is non-degenerate (see Eqs. 8 and 12

in Ref. 23). The boundary condition at infinite internuclear separation is changed

from boun d state to outr ’oinn: wave .

The nuclear wave equation is based upon the adiabatic and local potential

approximations. Exchange and spin dependent forces are neglected , leading to:

~2~~2
+ w(~) — E} ~ = ; ‘ (is) ‘\0 ( F )  (2)

wte r€ ’ - 

~~ 
is the kinetic energy operator for the nuclei ; W(R) is the electronic

e:.ergy of the compound state , E is the total collision energy; ~ is the wave function
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of the nuclei ; ~~~
‘ (R) is an entr:,- amplitude for the incident e’ectron , nod

is the vibrational wave function of the target. The corn; uur -i Stata ener~ ,’ is

represented by:

.V~~~~~~
) = (~~~~) 

- 1

where F(R) is the autoionizatior. rate multiplied b~ ~~. The comaoua,d state electra-nina

energy is complex for R < R5 because the negative ion is unstable with reslect to

electron emission ira this region . I” is asscmerl to vary w i t h  F I:; accordance with

the penetrabilit ,’ of a a -wa-ce cer ’at r i fn u - a l  barrierr

- 
(k-i ’ )~~i-~— 

1 -+

where k(R) is the wave number of the emi~ tei electron , ~ is the rad c~
” of the F2

ion , and ‘~ is a parameter. Tine express iora for the entry ann : it ud e ‘ is as gIver.

in Ref. 23 (Eq. liP).

26
The dissociative attachment cross-section is giver’r by the exaressior .,

_________ - 2
= ‘—

~
-
~ ~

-‘-———-— - l ina  :V ,F V) I-; 2L- i - , ~ 1~ ~~~- H  - 
-

0 - - “

where V~ and V~ are the nuclear dissociation arad incident electron , velocities ,

respectively ; ~~ s
1)
~~ is a sf- i ra degeneracy factor (unity); and ~I 0~~ is the

squared amplitude of the incident wave (8— 3Y
3
. Cross-sections for the vibrational

excitation processes ,

e i- 2 (vruD ) 
-, e F2(v)
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are calculated from the overj,-nr integral ,

~ov ~~ ~~~~ I: ~ ~ I (
~

)

where V~, is the velocit:-~ of the sca+tere rI electr on , is ~l 0 electron mass ,

is the excited vibration al stnt~ e wave f d lV c 4 i cr:, and is an exi’ am: li t ~de

for the electron which is set equal to

The boundary con ditions a::li ed to Eq. (2) are

(c ,E )  = o

u r n  (R , E )  = e~~~
R -~~~~~

wh ere K~a = ~~ I (E -E ( R ) )
R

Equat ion (2) w ith  t he se  boundary con - - d i r  . r c  is  s , . t - i r:’ - ,cr i ca  ly  by cc -r v€at i onai

f i ra i te  d i f f e r e n t  methods . Acc.u-nacy of the rnucer: caL sr I  ~t , o n  r s  monitored  by

evaluat ing both sides of the equation

V ~~~ V 2 -u r n  I : V ( i )  H lam

= — 1  Jam ’
~~~ 

V
~~

T

which results from m-citip-lyinic (2) by ~~~~, subtracting the complex conjugat e, an-i

integrating .

The most irnbortar. t. approx imat ion made in these calculations is that of a local

potential . That is , the decay of the resonance is taken to be independent of final

vibrational state. ~i.iie tI.i~ a:Lrox imation will be valid for the relatively high

electron energies - f ;nirna r-:. Irn 4.eres t , it may be inaccurate at thermal energies~
7

Because the thermal electrura attachment data influences the fitting procedure,
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eventually it will be necessary to re-examine the  low energy regime in terms of a

non-local 7. li -wever , this -roach results in an i ritegru-differential  nuclear

wave equat ion w’ri ch is more d i f f i c u l t  to solve numerically .

Tire theory tir- zs cor .tnti :.s a number of adjustable parameters related to the

complex e l e c t r o ni c  e r a e : V VV
~~~, ~-i (R). These parameters are varied to give a aredicted

dissociative at tachment  cross-sect ion which , when in tegr ated  over an a : ;  ru;  : ‘ i rt e

distribution of iricideoc . electron e r m e r ’ i e s , b o a  been f- c i  to com~ are favorably

with the limited experimental dissociative at r achmerit rate data wL,cla are available.

Calculated Results-Dissociative Attachment

The F2 groun d s ta te  p o t e n t i a l  energy c rn’ve was represented by a Morse otential

with parameters taken from Ref. 2P . m i-se v.’ i rational wave functions were also

e ar - l ov e d ,  l in e  real part of the compoun d s ta te  energy was represented by a Taylor

series for’ energies greater than the :isy’n:: totic value of -1.77 e V. This re r resen-

tation was chosen for convenience in making ci -a lges in slope and point of inter-

section (R5) with the a~r’O ind state. The only characteristic of the compound state

curve that is of sign ificance for R -> F
5 

is the asympt o tic  l imit .

The heuristics of t’itt irm ~’, t h e  theory to the attnoh’:rent rate data are ul’

i n terest . A large ra -~~her of calculations were performe d for a range of compound

state ar a rnet e r s  that exhausted the physically realistic ;ossibthties. For R5 -~

it was foun d that the predicted attachment rates were either too large or had Peaks

too f-’ r’ displaced froro zero electron energy. It was possible to obtain an acceptable

fit only for < R~ . Good noreement was o bt a i n e d  for a part icular set of parameters,
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as shown in Fig. l1~. The real and imaginary parts of the negative ion potential

which give this f i t  are shown in Figs. 15 and 16. As shown in Fig. 15, the curves

cross about .1 a. a. from R0. This result is consistent with ab initio potential

calculations25 
in which a cr~~sing at about 2.6 a.u. is predicted. The inferred

E (R) re-intersects the ground state at about 2.5 ci-’ because best agreement with

the attachment data was found to result from decreasing the slope of E (R). The

inferred F(R) in Fig. 16 also is quite reasonable for a centrifugal barrier.

Aver ’otg irr g over the  :. ;clen ; r wave f arac tio r yields val. tea I i  the range . ~ — ,P eV .

The Maxwellian distribut ion used to calculate the : ttacbj ner~t rates g i ven by

the solid lina c in 1-1g. iP is a :  a ;  - r - o x i r r n t i  or :. Better com ; -ni ’ i  con : w t i a  the experi —

me :.~ V I  -lath is made cv us inc -an: eiect r-o ; . d i st i - ib u t  ion f r : H I or . o-ka r acte ris tic  of

}.e o nd i t ions in w i ,  I c h  the rae--au -cu e ; n-na n made . In -articui,ar , t ine --Iota of Chen

t
V I ‘-s-w aFer’s ‘

~~~~ wet-c - .-h- 4 ‘ m e d  in Pu b u f f e r  gas with F2 mole fractions on the order

r ~~~~~~~~~ Acco r-Jinoly , electr o:a 1iat r Il-u t i on functions for a representative P2—~ 2

:r.x 4 ar-c were caIc’Ja~ e~I as a funct ion ; -f E/n . The result of using this non—Ma~~ e1liar.

- L s ~~n i i  ‘ion  I r a  the a ’tachrne : . 4 c caic J.ati~ - n is  shown as the dashed line in

j V i  i~. , i, t. is a :: a r-eat tha t eO tet’ agreerne :,~ with the experimental data is obtained

acing t hi s more reati si Ic distribution functi on . Departures  from Maxwellian due to

excitation of the P~ vibrational mode become irn; o i ’ ta rr t  at average electron energies

aro.t rd 1 ci , and ca-nse the redicted attachment rate to decrease more rapidly with

increa s i nc  energy . Tire fit ex~’nibited in F I g .  14 is judged to be as good as is

warranted by the scatter in the available experimental rate data .
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A ttachment Crocs— dection .
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quantum number of target F2. Rate constant calculated for Maxwellian
energy distribution .
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a

in view of a similar strong dependence in 02.
30 

The effect seems to be due less

to surr’inVm l fac~~or arguments than to increased capture for the less compact excited

s t a t e  vibrat ional  wav€. f u n c t i o n s .  An attachment rate wi th  a significant dependence

on v ibra t ional  quantum n umber could inlay an important role in long pulse rare gas-

~a a l i de  lasers , where the F2 vibrational  mode could be a; n reciahly  excited. Further ,

al’ ‘his predicted dependence of attachment rate on duar~tum state is correct , the

flowing afterglow measurements of Ref. 29 co-ui-al contair. excited state contributions .

Cross-Sections for Vibrat ional  Excitat ion

Cibra tiona l  exc i ta t ion  cross-sect ions t a -av e been evaluated for the best f i t

attachment case. F in ’ire  1-I shows the c;~ic ;a 1nteI  c ross—sect ions  for v = 1, 4, 8, and

12 , and the sum of the c ross - sec tion s  far’ cxc i t - ~t ion  -u; to v = 15. The first

v i b r a t i o n a l  state has a eak cross-section -:otL :e -nf a b o r t  10
_i 

cm
2

n at v = 15 the

motx im n.m has f ; :li eaa to ab ut .OCJ tla~~ - f v IV. I’- ‘ni ficant excitation of high—

lyino levels is ~ redic ted  beca ace th i s  is  a s~ n’o n :c coo: ; lIr .c ” casen the ratio of

momentum imparted to t ine  nuclei  to the i n i t i a l  n’ .:;a.s. momentum

Pa IF /li’

is a : rix :mat.ely unity. Here a inca vtl,rY I -a-anti :c;:: .r.: t ide of the ~‘rut~~:d sm ite.

Libra t iona l  exc i ta t ion  c ross—sec t  b ori s for 1 2 sta )w no a c k :mre (peaks aid valleys)

tic ‘i f un c t ion of incident  e lect ron en. er t V y ,  in ccn t.ra~~t to the sit ra 4 i o n ,  in Cs . 112 ,

t t n d  NO . In F’2,  + 1- me corn; o r a l  stale a- -ice ;ocket sL Ian from ‘ire t’ rrna 9 ion o ira t

(Rnn ) d- .~i; . the :~ otent  i -a I well and u mt to tn: fi r ite I n ,ter n ,nmc I ca -n ’ sc- n ar: a I t n. . There

I s  no ‘ : ir : i :,c  o i r : 4 to tir e rigl .t to oive a ref ect,e-l wa ,’ - ‘a in ‘H e  i- - r a e i - n i n a g

model23, so ~imt no :,~ erferen aca b at wee;, mtgoir - - a n - -I t V C f ’ C ’ I  a wad ’s c a n ,  occ ; - r

1~5
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Figure 19. Predicted vibrational excitation cross-sections . Shown
are the individual cross-sections for excitation of v = 1, 4, 8 and 12,
and the total vibrational cross-section .
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The resonant cross-sections shown in Fig. 19 are much larger than those

calculated on the basis of direct scattering . i. -ei en a d ing  on tt,e value assumed for

the unknown quadrupole m oment derivative , the born a~.~ roximation/quadrupole calcu-

lation gives a peak cross-section of 10 ~~-l0 
l j  

cm
2 for the 0-1 transit ion . Raman

sca t te r ing  data 31 yields a value of .2~ a . -1. for the matrix element of the derived

polarizability tensor. Using this value in a o.Lai-ization potential calculation3”

-15 _ l V ~gives a peak cross-section of 10 -10 , depending on the value assumed for the

cutoff parameter.

Because to prec jable scatter exists in the attachment data , “fast ” and “slow”

fits have bee;, n’ rrLe-l cart ; results ore presented in Fig. 20. These fits are

Ierived from conc: c r;-.I ~~~~~~~~ :ot. en,t. iol nararneters slighfly different than in the best

fit case. Tire :~ssoc i V - c-al total vibrational cross-sections are shown ira Fig. 21.

It i s a m a r areo,t . ir : 4 ‘ i re  m L C e r o. o u i n V t 1 V in the a t t  acbnae ;at ala ’ a leads to a greater de ree

of u n a c e r t a i n : ty  in the realicted v ibra t ional  cross-sect ions. The band of uncertainty

Is about  an order of n V U I t ; a d e  at i igb e r V e l e c t r u n a  e :.er’ ies .  Thus, there is a clear

a ced for more ; , f u n V n : : a t i o n  Ofl iu-~ attachment to r-esolve uncertainties concerning

t uSh the rnaoni t-md e a n d  em ei’oy decerVierce (wid’ in ) O V I ’ t loe rate constant for this

- rocess.

The H,eorV would be irnaroced tn t thermal en er g i e s  by em; loylnig a anon-local F

farn ot a ln ’ b o n . in ; r e a l i t y , ‘he t e r n  1 ( i n )~, ( N ) in Eq. 2 should be a sum of te rms

ne : r e s o r t i:a ’ c o t  ice n ic ay a di  ft’er-en t v ib ra t i ona l  states. The ion iz at ion a

n - S e  So a :n r t j c - d n t r v ib r a t i coi l st a t e  should reflect the fact  that the energy of

147
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Figure 20. Alternative fits of res aan :.aa-e tint ru t-5 a ’ thni ar ’rena data .
Fast a nd “ slow ’ f i t s  are calculated by rn -mit in 1yir.~- and divid ing the

best fit I’ by a factor of two.
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the escaping electron is reduced by the v i b n ’ a t , i u n : a J  e x c i t a t i o n .

has shown that these effects  can be accuau .kel f’ a n~ ’ re: 1o~.- ina tine t e r r ’.  ( R )  (is )

by:
all ’

where the v summat i on extends over o~-enr channels  a n d

= ~ , ~~ ~~~~

= 
~~~~

The cuver : as : ,~.’ nuclear wa;e ea~;mation ~2) 1,-m s I cc - -one s a r -  i i . ’ a - c r -  -—J it’I’n n-o r ’Oui

equat ion . golut io : . of thIs eq aro t is: h-os n , - . t y ct been at te n ; , , - 
~

- n , S i t  t uug l~. i~ coau~-i

be solved by i t e r a t i o n : , s t a o r t i r , ~- w i th  t h e  ~~~_ W V S VS~~~ from the loca l  V 
calculat ion .

Ele~~ :‘a 
- Excit-Y j----

~ V S S0C :ao t :cn;

Tire -;er~~lcai  e x cot a t i o : .  c e -- V — V f- -n ’ tir e J- ~~es~, F , ej ec n -on . ic st a t e  (~~~~, )  is

- S: Vl ;  3
~~~~5t , e , well  below ~i.e ener 

V n-N,,re i I’-~, n - excL’~otIco. ,- f  rare sos atorns.

P ~s- , alth’:.uci. ti.e cross— sect jonas f’s-n- cxc t’ti ono anl an c,n,iZV . t i r e  a T h a l l— l i k e

r V a r e _ a V x S  s,e~~a s ’ :.les are ex :oote an ‘o he ~~~ is : a (
~ iT:  crn~~) f~r o~~t’cti’ u . e n V e n . T

between 3. ,i5 c an a l  1l .rcst c,I I f— n ‘-i t crc , an cxc: ‘ on , ~ V ’ j O  &.‘ ) , ‘I.e d e r V n ; n ’ c  ~ f

me t a s t at l e  s t a t es  wIll alwa-~-s be mud . .~ass  i t r a : .  t t r ~t -I ’ t i r e  ; — - ao r . — ::eamai r,g n: , -I e c , i~ -

Further , i t  h am s r eer .  shown h e r e in  tha t  a resonna;. - a ; e Omedl a ‘ s n a r r a  car: g~ ’,’e rise to

vibrat ional cross—sect ion s  much larger  t h a n  th er e  ex:-c -ct c-I from -h r - -oct o f e u i t i a m a n

processes. In . the same way , the cross-section for eiect:aV a  ex c i to it i an  of tire

repulsive F2 ~~~~~~ 
state could be enhanced by a resonance rocess . inolee d there

are several negative ion states F2 
(2fl g )~ (2~; )  and (2~~~~) which may lie above

- ~~~~~~ 
‘
~~~~~~:

‘ 
- ‘

~~~~~~~

‘

~~~~~~~~~~~~~~

‘ 

~~ 

.
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lane di ssocia n ng 
~
‘2 (~~~~ ) state in the vi ci n O tv of 

~~~ 
i- -or these reasons it is

l i i c e l , ’ ‘ i r ; a t loss f e~~ea ’’ ron . emi t-n y due to di ssocia t ive  e x c i t - t i o r . of 
~2 is an

l~ a . cr ’~ a; . t a-access for alert non s i n : ‘h o  3 to 10 - n ’

:-s ’O;a.’ ’ c-I c -— t I I  ssoc I a ’ i on  o ’ r ’ oss _ m ect i o n :

‘ely , nil  : r ’ I o n ’  ex : e r i n n e : . ’s 3° :lh’eo’tc -i t owa rd a ; , ’:est i a ”ttion : at’ 1’

d l s s o c i o t t i o r .  l.a’,’e tee : .  s e n s i t i v e  only to  the cla-arg ed. ; at’ticles ; roduced , e . g . ,  i’

n. j ~~~~ . l inus , only the J :ssoci ;ative ~i’ucesses i’0 - 1- 1 and e r
2 ~~~ - ‘ Ic

iaa ’,’e bee;. ex’ n:r i’ I in: ‘ n : ~ Jc- a ii. l,ecen.tl;’, ; ; ~~~~~‘ have bae :, r e: ortea t lO 
an - d c’s-a r t .

~ i’ ’t .or:a n’od -mc f l ona in - i : . : n  ex t e r -n r n ~IJ,y s , s~ ; m ae- _i d l sc l :a r ’ u_- — ’ ~ a ax ; eo’irne n :t , wh i ch

sl ow a , ij e: ,ce of e:a h ;a ’.. c ci i- I :sscc:a t 
~ in: an E/ra r an: n ’c l a a i ’ h  crc ~-h so that

.1: o s u  a’ ive n a t ’  ‘ -. ‘ i a n ; c ’ ; . ’ slaa:aO’i ye d e cr e u n i n : : (1’ : a ’ . i14) ‘-and l o w  enaoa:oh so that

sscriat i ’s-c ior.i:;c i - n ca nrn ot - cc a. U on s concl ar  3ed~~ however’, tis - at direct

elect  r - -s: i n::: n -, ; ’ d i s c - - i ’  ‘ 1 - 0: (or ‘ n ’ ,’ -f ’ r a - ’,- ’- n ’ 0. oth er 1- ocesses examined) could

;, 0t t-e r’es~ a n s I  n i l e  f-o r ’ ‘. he oabse~”s-; t i u n a s  . i n ‘,- I e w  of the ft  ; :d in :cs  of the resent

s~ ed’ ’ t he F ‘ - ‘ -o::. n- clara ’ i a 1:0 of def. iT: l a ; c . e been re_e’~ral::ated.

In cr ier o ‘ a S s - C s - s  t - ,e L a  rae l O iu o  1 0’ ci tron : -lissua ;iation con’t -r but ing l.o

- - ‘ - - a -  scn” ,’;O O’:,s - f t  at ’. I , a : :  r u x i n ; : ; t e  elec i-on : en .e n - a ’I: d stn - :b n± ,io ;a s were corn: :nied

I’ - n -  1’ oCr’ ‘ia FI / r .  r a n g e  - - V l a  cx; e r in ’ :e : , t  s
1 

- s in - ic t l V c -  c l e a r y  w e i : ’l a t - e d  ‘-j ib r n : t i on , ; a i

( 0 0 -  sc— sect I on s II so’ ccci in , re- - -e l I m o  na n ’’: - a; }s a]  on~~ w 1 i I a at a’ - a s -  i . ’: :0. n :.or:n er:t urn

‘ a  ‘a

~ r” , - .st”,- n - :n ’o o 3 — s E - : S  ion 1’ 10 
- cnc ’ . I :f’~~~— a -~ -ilssa ’c i rO 1 . 1 :  i’ m  a sS_ an ac 4 ion was

‘ a S S  - : ; , e-i  + --  l , ’ ,”s a: a n-n a a : ’ ,-I ‘ I . r a c h , l.d V 3. - a , e~ ‘- nail On; nncn1 i~ ic a n a l  cha;e above

- m cci i I Were var  a a .
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Figure 22. Tom : anted rate c o e f f i c i e n t s  for F atom production by way of
dissociative attachment and direct electron impact. These approx imate
rate coefficients were determined -is inc the provisi r ,,nl e-F-, cross-
section set discussed in the text .
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Prese’~4’ed in Fig. 22 are representative n a t e  coef f ic ients, computed on this

basis  for dissociative attachment and direct d i s soc iat iu i, .  ilm e dissociative

at tachment  coeff icient  was determined n a n s i r : :’ the cm - - cs-sect ion of 1”ig . 17, and the

d ir e c t  dissociat ion c o e f f i ci e nt  slao ’~~. in the f I . , ~~~~~ Leri’sa d from a t r i a l  c ross—

section;  which r ises fr - cm zen-u nit 3.~~5 c” to a ne a k -“0 re -f 2 x 10 17 
cm

2 j r  tire

1~ to 6 eV rar.ce , and then decreases ra~~i -ily to a value well below 1Q 17 cm2 above

9 c v ’ . I:’, the work of -“f. Ii , I aton: . r o-J ac a on lab - ;’e tl,a n aol-iced by uie e—beam

exc icat io n a (ass ‘c’,e,i t o  he a l e  t o  L S S O C i - 0  i ’s-c- a t ’ - - i r :;,eo ’ a .1, - .: e )  w:a S first obser’~red

in essent i aollv : ar-c ~~ V - or’ an k/n ‘-s-~ l’ne - - V  a x :a’ate I ,’ 2 x 10
ir 

:cm~ ( “
~e ”

0.:- e’, ) .  i’,x;’an;i;:’: t lana of Fig. 22 shows t h a t  V a F/n. -
~ 2 x l.~~~ 1cm

2 
the comj ute-l

r” - ’ e coeff cie: 4 f r ’  d i rec t  d i s s o c i a t i o n  is 1 t o  ,~~ ‘ as - i n - n - c  an  tie dissociat ive

ntc ; :c l c ;a e : ’ c j e f f l c i e : o  so t h at  t ire c-ora l , r a n t  b r , - V I n ’ - ,- c t  I - s soc ia t ion  shoul d be

obser ’ s- n :l’- .le a t  i r i s  F/n , -,ci]-,~e • Inc reases  b r  L / r :  s - l o w e - I  ca :: am ’inn mc - n .t.s I evider,ce of

i nc reas in rg  i’ atom product ion , r eac la ing  :: r cnxim ’ ,m;: of ‘abc I twI ce  that  due to pure

e-beam e x c i t a ti o n ,  for an - i k/n: ‘s-alone of ahc- ::t a x lT- ’ ’- -~ 11-fe that  the data in

i-i c . 22 show t l a a t  t h e  c o n a t . r ’ i b n i , i o n  t,o I a 4 cm m’ od . ,c too:  fr -cm h i-c-ct Ii ssociation

arid dissociative ;:ttnclcnerrt . are in a le e d  corn ; n r n h Ic f ur  F/i , ‘p’ 1 oies in the 5 to ~ X lao ’

1cm2 r-nrnge for the r’o-- i si o n nal cross—sections ~sed ir; the c a l c u l a tio n s .  Thus,

tine cx: en i n n e m a t a d  ub sen” ,r’o t i ons of Fef. 10 c-m a be cx: ,laa .i ac - I entirely on the basis of

a r ’e-’a s . o ’ . .’:b lc set  of c-i ’ - , c r o s s — s e c t I o n s .  Clean’l;a - , very mmm cl:  more data is required

before 1’ can -: be s a fe s, concluded that direct electronic e x c i t a t i o n  of 
~2 leading

a d i  sn - a c i r a t i o n  will be inn : - .r’t’c t f-,r’ t i e coradi n j :s- I:;: Ical a~-f rare gas—halide

_____ V -~~~~~~~~~~~~~~ - — ~~~---~~~~~~~~~~~~~~~~- V - - _
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Figure 23, Computed electron fractional power transfer in an Ar-Fir-F2
(0.95-0.05-0.005 ) mixture based on the provisional set of e-F2 cross-
sections discussed ir~ the text. In these calculations the fractional
ionizat ion and fractional excitation densities were taken  as constant
having the representative values 1.0 x 10 6 and 1.1 x lO”~~, respectively .
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la sers . horietheless , the limited experimental data available , when interpreted

in li On of t h e  nov 15 lunn i l  cross—sections 1.1 son uss ed herein , su~ggest that such is

the case.

C .  Ft ’fect , on D i s c i r n m r ’ c n i ac t irs

F ~r t i r e  :anr - 1 use at’ I I I  mstr’atiur., 1 lao . 23 , n ’c ’ o au : ,  s a l e  s - o i l  cois cont r iout ions

to elec t ron:  fn- ;:caionaa l i , ’awel’ in an Ar-Kr-F 2 (o. ~
‘- - -

~~ • ~~- . . g )  ::a ,Ix t j, re computed

with con;stan.t values of f rac t ional  i on i z a ti o n  (~ u °) and fractio:,;- vl excitation (b —5 ).

Idoe F’ -, vt h n’art i on’,ai ‘~n:J elec t ronic cr oss-sect . i ur s di scussed  in the previous :-ara-

cr ’; :’l :s were used in t l . e  calc’.mini , i o n s .  l ,ese -la n show t Im n~t en :er’cy loss to  vibra—

t i o n a n i  e x c i t a t i on :  is  l ikely to be r el ; :± ’i ’rel ~- ,’ sna ib in the 0.5 Ia- 2. x io~~6 Vcm2

m ’ ; a m a ’ e  of m m :r~ arc -a: ce • ::owe\-er , for’ an : elect- n’ a~ ;. a l e r s i  t , .y of about IO~~
’ cm 3

, the

cha racterist ic time to acti’:;ate the v’ 2 ‘s - ib m ’ at l -. ally w~il be on the order of 1 ~sec .

Yl. e calc:Jations disc asse d  in alec . A “hove show that the attachment rate coefficient

may exhibit a s t r onc dependence on the le~-ree ul’ F2 vihm” at iora:il excitation. Thus,

the : nirrio r’,’ ln , f i m e : a a ; e  :f ‘2 v l a r a n t i a r al exci+,ation is lii-:el1~’ t oo be a chance in the

at t’ a c l a n e n , t  loss , a:oi o s s i l -  Ly t i a e rn a n: i  / v i b r n a t. o n - ’ ]  d Iss:-c -‘n t i s -n - : in long la-ulse , higi:

owe n’ It sciraa r ’es.

by w’’,’ of ca -n . 4 m’a5 4 
, ~le el ’a - - ’t rca e:era - ,’ 1- cc Joe t a -  iu dissociation cxc Ita t ion

m:iy ac very si ’:, ’ifL - ”’ ‘ ‘ l , r a a m .- ’l, ,a a ’ tlae en , t ire i’jn: n’ ;m :, ’e ‘ - i l :  ich is accessible . In

a d d i t I o n  to t,Le c - n c r ‘ , - -so nm , ’] i nra b e l  n-ed na -a in ar- ‘ i- - aduc t i on  efficiency ,

the loss of 
~
‘2 ‘c a u n  a a h , ‘i~e a n ’ , a i a a  ion -f relative, 1,l; large q ’m : n t i ties  of F

atoms can im:a-ac l, on’, ba. a t l ,  the q ’:as .a -s ’. e a ah v  n o d  st .abjlitt ’ character is t ics  of rare gas
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halide discharges . Since the ~-n’ esen t analysis S i , a,MS that such c-i”0 kinetic

effec ts should be expected for in-, c a ,rr cert ,r ; t i o r r s  - f ’  a few t e n : f h s  of one aerce nt ,

values consistent wit -h e x ; e r i r n e r f ntl ly determi n ed jrtim ~ms, it seems clear that

greater’ ern:-bas is or. suc h :-rocesses i n :  the m m ~leI I mm, ’ - a f  r a r e -  n r a s —L ‘nh -h e discharges

is warranted. 
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IV . C

2 ,n ’ : : c  I. e 11 aSt  I/c-na n - - T ’  n cm ca se- ; . ’ con ’ n” a - I  a n n O y ’ , a n n n l  ::.o- lels -  a t ’ c- —beam

i n , -] d i scl . ’ n - , - e : ,m :el n am e ‘rs—LH i lc- i ’ s - c - n ’  , l m m a . , V , 5 t~~~~, ’ - a ,- ;  h’-:” l - , : - f ’ I .  Ma,bui ’

o-r~ I o:,s of l a b s  ac t  ‘s-i t v b aa- m a : : .  bn 5001 on a n ’’ - , , ,s -
‘ : - o f -  , ~ a ‘ n ,rv iy t.i t n t ]

c:-m:abill ’ es ,  s : e c ’ t f .  ‘ fly la  t, i , e ‘ re - ia -: ‘ - - 1€ ~~ r o n . c - n c r ” ’ ki n , a la s , n ; ’,u lecular

imys’ ~cs , l ’ms n :,; c fae r n i st  m y ,  I asrnr’a s t a bi h i4  :‘ an on -,aw e n .e r ’y  e l e ct  rr a- r~ s c a t t e r in g

theory . A n - a r :  i c ’aa ,Lar lv  si g : : i f b c a n t  con o sea m en ce V t ine st a - -l :ies completed to date

ha s  1 r - - ’. ‘ h e  it -v ’- , a - - ” ’ ’ ‘V I’ ,si ,O: n nan : ] a r j,1r~aok ; t i n c  relate] ‘ a: the t’wndamental

r’ ccans - s f -o  -i-on I n , t I ’  ía a a ]  nc ’ i - - n r  to ad l - ,ss - I ’ exci ted s - : ’t - e s .  I- cau ’es 7 and ~:

s l , o w a n : ’ t i e  ic r e n :  Ie: ,~~ — V A r ’ ; - i  F r I  hosses un ne ss - oar -c az-c n mr t i cu l a r ly  ih lu—

S’ a n t  0,- c - -, V : lae cv 1,0 ; . - ’ - n n ; - ] e r s : ’ ; : J i n , ” ci ’ h a s - I : ’ c u l i I s iO f l  l aam n~ unnen ;: in ra re  cas— 

I l i e  ; isrsrn-,as .

1n, n J I ,~t_ c n ,, m n  I, I , - ’ t  ion - - V  res n ’o ’,an e s cn , , t : a r a a , t t h e o ry  has resui, ’ an :l in

e s t i mat e s  of cross-sec t ion - is  t’or v i a r ’ i n l i u n a m l e x c it -a t i o n  °~~
‘ 

~2 by electrons , which

are  base-] on a s1,’st en’ ’ I c  en ml nO ion  if 2 - i i  so ocl’ c-n a - o hmic -n t- -laIr: • This

, -oa t : ,,an n a - , a t ’ ’  Ire n , ’s-es-~ ,~~l , i s, las n h - ’s-: t I , ’ ’  a a- , : - n . n ’, n ’,ce ‘ -ecl , : r , :’- n ; I in  the e—F 2

s - ,’o- ’ enn cra m’, ‘ i s - c -  r I s e  to v i  b a n a l ja n:a1 a n r ’ - s C — s e a ’ ’ I n s  -- m ien’:: -- V nra : :‘It —n- e la r g e r  than

l, -os~’ ~y : I c m i of ti red : accesses. In-icc-h . there j ’esa,.i t s ao ., , ’cn ’; ’, th :-’- t  d issociat ive

excit , -a t. ~ on of ±-
~~ 

I : ’ ,’ c-Ic - ct n-cmos :m: ” ,’ ’ nlso he c-n ol an , .’- - I by mm nc ’ s ‘ m i c e  m m  - ‘cc-cs.

Srp c ,i ! ’iC f i n h i n a ’s- V sm’ ec i ai im: :n’ta ’ ~ r t n ’ be s r’ , ;’ - r I m ~- -I as ‘ -

( i )  A n, ’. I t S I  s s I r -  - ‘s-a - ± , a ’t i c -  ;-r’ c-l  mc ’ ‘ - -‘ - ‘ n , ‘ i n , not in - — n - ‘ ‘ ‘a:’ c a oh road

n’ , - ” c - c-h lasers c ra m , be nc r-I; eI ’ I ’ aci :,’ n ,t vOl . - ‘,-en’a J ,I , l a-allah

Iac ~ r - -~~‘‘ i c b a - ’ a ’ a n e s  in : ~i:c- , — ‘ r a n , ”- .
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(2) ‘
~‘alues -.1’ t’r-mcti onal ionization arid e x ci t a t i o n  are tym ically in the

-o
11 — 1 0  rant -c for which c-Iii’s-i r:s r ‘ - ~ -s-e~~n - ‘, l , : m ’  ,‘~ -I r n ”’ ic-Ic -c arid

clmar ’et I-art lobes an;I exc I ted n ,eat ,i-m: :,a exe r ’ an :o, n or’t :nn,l i n , l ’,r , -oe n ’ ce or,

i m -isma behavior .

(3 )  Elect  i - on— ehec t - ’-ar : collisi or .s cxc r ’ an , inn; 01’n n— .’,a or al ’ - , a : , ’a- or , t~,c

electrora dt,str’iba:t ion fuioct1o n , an i , tt ’ e:’et’orc , on~ n n , e~ ~~~ at se n’odoctiora

rates m r .  I I a n ’ec~ nor,: s-m a t i -cm: :‘mmtos

(~.I i3uth direct i -n “ o; ’ Ion. I’ ~t ,nn’,s mo ral - : ‘azal ion , ‘- -V -‘ ,a- ’ ;,aO ’ibleo- aLt,er

t h e  c l n a n ’ a c t e n ’ Z s -t i c s  a , t ’ d l  sci n a r a  e n :, : € I s- ,- ;sten n-,s- - cc: cc ln ,J ,i’; their

s-I nab I lit y

(5) E l e c - t r -ori e x c i t m m a i a o n  of m e an  ;-, t -mb l es a , h i  - ‘her elect ronIc: levels can

m e :  n - c - s e : , ’ n , n ,  I a . : ;  s a r i ;‘ mO la-or; - f ’ c-I a- -I mo a a e ra ’ s- “c -al of  ‘ c m ’ o s- i n : ’n,ie atoms.

(a ) As I, -u~ ;a 1 I n e s s  c’e i s - c a r e- i i ’  ‘ t o  n ” , me 0 . o — ’ i . O a tm , ~l:e ,n- ,nmnan t

loss rucess c inr- ; ,~-es fr -a ; ,  s - .  - n -n: ’ r a : , eca-: s r a d i a t : a a :  — ‘ ‘c i - I n n  no’ collisional

q ie’acto l a c — t o  ~h r e e — b a -- ’t~,’ c o l h i s i  a n al -~~ n s a c i a : m , , V .

(‘i ) A : ;  l j o n ’ ’ n o n: , - - res a ra ’:m :ce o - ; m :  m e r i n r a  t i n e ”  ~‘y ± a nm n ,‘bol 2c- I o !‘ea,son,rnh ,ie fit

‘o c - —i” s- I is soc iat l ’ c -mo~~’m c l u : ’ a n . t  -la ’’  - - -‘en’ t ire ;:‘,s-e ma ’c- c,iec  ron ,  c-m:e r f ’n’

n - an n -c- 0. - ‘c— ~ .0 ‘s -, . Ik e  con -nc -s on 1cm ,’ l a o ’ ’  I , ener1;y we ich t ea i  v i i , i ’r ,t l ~~r n ~ ,

c r o s s — s e ct i o n  has a mai n :j i  -ide - o f  n n ; r , ,x l m n a t c-i ,~ 1/- 
17 

cm
2 

at an - average

c- Ic-’ O i n~ r : e re r n ’ : , ’ a t ’ a few c-” .

( a )  he c h a r a c t e r - i st ic  t i m e  fm , a r c - —: - 2 ‘s - iL r ’ t , i  co al excitn-t ,ior: h-as-ed mon this

ion  i s  l’o-: m: -J t o  r a e  on - 1, ’ ~- m ’ ’ t e r ’  of -0:1 ,;  ~ s - C a ’ i n n — l i cat  j:’cm that

- 
t i r e  f r a c t i o n - - a l ’ alt-ra t i onma i ] .y  excit ,er l halogen ‘n - c - a  a i m , , ’ molecules is

like ly  C he I ‘- rt- ’ ao in Lu;,; ’ F 5€ : lasers.
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(9) The dissociative attachment rate for F2 is found to exhibit a strong

‘
I 

dependence on F2 vibrational level .

(1w) Reevaluation of available F atom production data in light of the

findings of this investigation 3uggests that direct electron impact

dissociation of F2 may be an important loss of electron energy for

typical laser conditions .

luring the last half of this calendar year the analysis discussed herein will

be continually refined and updated as understanding evolves and additional rate

data become available. Particular future emphasis will be directed toward assessing

the effect of mixture variation , e-F2 collisions and F atom production on laser

performance. It is anticipated that evolving understanding in these areas will

poi nt the way toward improving excitation technique s , laser efficiency and stability,

and system lifetime .
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